We studied how different color lights cause gradients of photoinhibition within a 32 leaf, to attempt to resolve the controversy whether photon absorption by chlorophyll or Mn is 33 the primary cause of photoinhibition, suggested by the excess-energy hypothesis or the 34 two-step hypothesis, respectively. 35
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Word counts: Introduction, 820; Materials and Methods, 1778; Results, 729; Discussion, 24 2936; Conclusion, 133; Acknowledgements, 99 . Supporting figure number: 3 29 thick, so that the tapered fiber measurements ended at 275 µm in depth although the leaf 178 thickness was around 350 µm (see Table 1 with red LED measuring light (101-ED, Walz). The non-tapered fiber was not inserted into 184 leaves but was gently pressed against the adaxial or abaxial epidermis of leaves for 185 fluorescence measurement. To calculate the depth at which F v /F m of the tapered fiber 186 measurements is closest to the value obtained by conventional methods, we calculated the 187 difference between (1) the F v /F m value at each depth of tapered fiber measurements and (2) 188 that obtained with an conventional method; this was done for all four colors. The four 189 differences were summed at each depth, the smallest sum corresponding to the equivalent 190
depth. 191
We also measured the F v /F m values of capsicum and spinach leaves, which were 192 lincomycin-treated and photoinhibited by white LED-light (1500 µmol m 20, 30, 45, 60, 90, 120, 180, 240 and 360 min for 195 capsicum and 10, 30, 60, 90, 120, 150, 180, 240 
Measurements of P700 redox kinetics 203
PSII activity was also measured by the P700 redox kinetics, which has shown a 204 good correlation with PSII activity measured by oxygen-evolution per single-turnover 205 216 rate of flash illumination, were controlled with a pulse/delay generator (Model 565 or 575, 217
Berkeley Nucleonics Corporation, San Rafael, CA). The analogue output from the 218 fluorometer was digitized and stored in a computer using a home-written program (by the late 219 A. B. Hope). In this procedure, the area between the steady-state concentration of P700 + and 220 the P700 + redox kinetics curve, P700 redox kinetics area, should be correlated with the 221 cumulative electron flow from PSII to P700 + after a single-turnover flash. This electron flow 222 from PSII per flash should equal the content of active PSII, where, in the very weak far-red 223 light, the rate of cyclic electron flow is very low (see Losciale et al., 2008) . 224 225
Oxygen-evolution measurements 226
To determine the correlation with PSII activity measured by P700 redox kinetics 227 (Fig. 8c) , the functional PSII content of the whole leaf tissue was quantified by flash-induced 228 oxygen-evolution, using repetitive single-turnover, saturating xenon flashes (type FX200, EG 229 and G) and assuming that each functional PSII evolves one O 2 molecule after four flashes 230 (Chow et al., 1989) . A gas-phase oxygen electrode (Hansatech) was adapted to receive the 231 single-turnover flashes (see Losciale et al., 2008) . 232
were calculated based on the original data kindly provided by Dr. J. R. Evans. These data 243
were obtained by measurements of chlorophyll fluorescence intensity emitted by leaf cross 244 sections using fluorescence microscopy according to Vogelmann & Evans (2002) . The peak 245 wavelengths of the lights used for excitation of chlorophylls were 450, 550 and 650 nm for 246 blue, green and red light, respectively. The data were obtained for each 1/100 thickness of leaf. 247
The profile of light absorption by Mn (Fig. 2c) was calculated from the light intensity 248 gradient (Fig. 2a) , the molecular absorption coefficient of Mn (Bodini et al. 1976, Fig. 1b The kinetics of S-state of Mn cluster tends to be incrementally slowed. Half-times for 255 reactions of S 0 -S 1 , S 1 -S 2 , S 2 -S 3 and S 3 -S 4 are taken as 30, 110, 350 and 1300 µs, respectively 256 (Hillier and Messinger 2005) . Therefore, the S-states of Mn clusters are biased towards S 2 and 257 S 3 . Suggested oxidation state of Mn cluster in each S-state are currently S 0 , III, III, III, IV; S 1 , 258 III, III, IV, IV; S 2 , III, IV, IV, IV and S 3 , III, IV, IV, IV or IV, IV, IV, IV (Lubitz et al. 2008) . 259 Accordingly, we assumed 75 % Mn (IV) and 25% Mn (III) (Fig. S1) . 260
261

Statistical Analysis 262
Statistical analyses were performed with R statistical software (version 2.10.1; Themethod as the post-hoc tests was used to test pairwise differences among different colors 265 (Table 2 and Fig. 8 ). The three way ANOVA was used to test the difference in the steepness 266 between photoinhibition gradients (0-250 µm) in leaves inhibited from the adaxial or abaxial 267 side (Fig. 9) . 268 269 270
Results
271
The F v /F m measurements inside leaves using a tapered fiber PAM system showed 272 photoinhibition gradients inside both capsicum and spinach leaves (Figs. 3 and 4) . The figures 273 contain the measurements starting from the adaxial side (squares) or the abaxial side (circles). 274
Leaves were illuminated on the adaxial side in the photoinhibition treatments. For the tapered 275 fiber measurements (Figs. 3a, d and 4a) , the x-axis represents the depth from the adaxial side, 276 0 µm meaning the adaxial surface. There was a very small decrease in F v /F m with 277 non-inhibited leaves (closed symbols), when tapered fiber tips were inserted stepwise into the 278 leaf tissue. This was probably caused by stain on the fiber tips due to the broken leaf tissue 279 during the insertion. However, the decrease was small enough so that we did not have to 280
analyze the measurements from the adaxial and the abaxial side separately. In leaves 281 photoinhibited by white-light (400-700 nm, open symbols), the average F v /F m of the adaxial 282 and the abaxial measurements increased from 0.42 ± 0.02 (SE) at the adaxial surface to 0.65 ± 283 0.03 (SE) at the abaxial surface in capsicum (Fig. 3a) and from 0.46 ± 0.04 (SE) at the adaxial 284 surface to 0.69 ± 0.02 (SE) at the abaxial surface in spinach (Figs 4a) . These values agreed 285 with values measured with the non-tapered fiber (Figs. 3b and 4b ). On the other hand, the 286
values measured with the ordinary PAM 101 system showed a smaller difference in F v /F m 287 between the adaxial and abaxial sides of leaves (Figs. 3c and 4c ). This was mainly caused by 288 the higher F v /F m measured from the adaxial side than that obtained with the non-tapered fiber. 289
When we compared the intra-leaf photoinhibition gradients among leaves that had 290 been photoinhibited with different color lights, significantly different gradients were observed 291 in both capsicum (Figs. 5) and spinach (Fig. 6) . The slope was steeper following blue-orleaves, the extent of photoinhibition was greatest in blue, followed by red and then green (see 294 also Fig. 7a, d ). In the middle of the lamina tissue, the extent of photoinhibition was greatest 295 in blue, followed by green and then red (see also Fig. 7b, e) . At the most abaxial sides, there 296 was no significant difference in the photoinhibition among the different color lights (see also 297 Fig. 7c, f) . 298
We also measured PSII activity using P700 redox kinetics in capsicum (Figs. 3g  299 and 5g). PSII activity thus measured has been shown to be well correlated with the O 2 yield 300 3d-g and 5d-g). P700 redox kinetics gave a similar value as for the tissue at around 75 µm 306 depth in the tapered fiber measurement, and always lower than the ordinary PAM 101 results. 307
We measured the relationship between the value of P700 redox kinetics and the 308 The effects of photoinhibition light intensity, growth light intensity, leaf thickness 317 or directionality of illumination on the gradients of photoinhibition were also studied (Fig. 9) . 318
The trend of the gradient of photoinhibition was not changed by photoinhibition light with 319 doubled light intensity (Fig. 9a) or with leaves grown in lower light (Fig. 9c) . In the leaves 320 photoinhibited from the abaxial side, the order of the extent of photoinhibition with differentthe primary cause according to the two-step hypothesis is photon absorption by Mn (Hakala et 329 al., 2005; Ohnishi et al., 2005) . Because of the very lower content and lower molecular 330 extinction coefficient of Mn than chlorophyll, the rate of photon absorption by Mn is much 331 smaller than the photon absorption by chlorophyll (Fig. 2b,c) . Therefore, the photoinhibition 332 by the two-step mechanism should be rate limited by the light absorption by Mn. 333
If only the excess-energy hypothesis was involved, the order of the extent of 334 photoinhibition among different color lights in each depth should follow the light absorption 335 curve of chlorophyll across a leaf (Fig. 2b) . The order of the absorption by chlorophyll near 336 the adaxial surface is blue, red and green, the same as the absorbance of chlorophylls a and b 337 (Fig. 1a) , and correlated with the results of the tapered fiber insertion near adaxial surface 338 (Fig. 7a, d ), supporting the excess-energy hypothesis. Nevertheless, concerning the whole leaf 339 absorptance, the difference among the colors is significantly diminished by the effect of the 340 elongation of optical path length due to intensive scattering (Larcher, 1994; Terashima et al., 341 2009 ). The whole leaf shows almost the same absorptance in the blue and red regions (Fig.  342   1d ). This means that the amount of light absorbed by chlorophyll in the deeper tissue is higher 343 in red than in blue, because blue light was preferentially depleted by the uppermost 344 chloroplasts (Fig. 2b, Vogelmann & Han, 2000) . However, the photoinhibition was still more 345 severe in blue than in red in the deeper tissue (Fig. 7b, e) . It is therefore difficult to explain 346 these trends by the excess-energy hypothesis, without considering the effect of two-step 347 hypothesis, which should be still higher in blue in deeper tissue (Fig. 2c) . Further, the severity 348 of photoinhibition of the whole tissue was in the descending order of blue, green and red, as 349 indicated by the average F v /F m of the whole tissue and by the P700 redox kinetics (Table 2) . However, the present study demonstrated a novel feature, viz, that red-light was 357 more effective than green-light, near the surface facing the photoinhibitory light (Fig. 7a,d ). If 358 only the two-step mechanism is involved, the order of the extent of photoinhibition among 359 different color light should follow the light absorption curve of Mn (Fig. 2c) . Thus, the order 360 of the extent of photoinhibition near the adaxial surface should be blue, green and red. 361
Nonetheless, the results do not agree with this, but agree with the order of the light absorption 362 by chlorophyll. Therefore, the results cannot be explained by the two-step mechanism, if we 363 do not take the effect of excess energy mechanism into account. Previous studies have not 364 been able to show that the action spectrum of photoinhibition is distorted depending on the 365 depth of leaf tissue, because they ignored the photoinhibition gradient inside the leaf. 366 Accordingly, we suggest that our results with leaves support the involvement of 367 both postulated mechanisms of photoinhibition. This suggestion is also supported by our 368 previous paper (Oguchi et al., 2009) the other hand, only the two-step mechanism was involved, the photoinhibition rate per 373 photon should be equal between the low-and high-light conditions. Also we should note that 374 these results do not rule out other mechanisms. Future studies are clearly needed. 375
The trend in which photoinhibition decreased in severity in the order of blue, red 376 and green near the adaxial surface, but in the order of blue, green and red in deeper tissue, 377 was also observed when photoinhibition was induced by the stronger light or the same 378 the slope near the illuminated surface was steepened. These results indicate that enhancement 381 of absorption by strong scattering of light in the spongy tissue increased the light intensity 382 gradient inside the tissue when leaves were illuminated on the abaxial side. 383
384
The slope of photoinhibition gradient inside the leaf 385
The gradient of photoinhibition was steeper in blue-and red-light than in 386 green-light, indicating that the blue-and red-lights were absorbed strongly near the adaxial 387 surface, but that green-light penetrated deeper in leaf tissue because the absorbance spectrum 388 of chloroplasts has peaks at blue and red wavelengths ( In the present study, we floated the leaf-discs on lincomycin solution during the 395 photoinhibition treatment to ensure inhibition of D1 protein synthesis. Therefore, 396 photosynthesis was probably limited by the shortage of CO 2 supply through abaxial stomata, 397 which would increase the photoinhibition rate by the excess-energy mechanism (Sun et al., 398 2006) . In the absence of lincomycin, the net photoinhibition rate is slower because of D1 399 protein synthesis. Therefore, the extent of photoinhibition should be smaller in the whole 400 tissue and there may be no photoinhibition in the abaxial side of leaves in natural conditions. 401
Nevertheless, the gradient of photoinhibition still exists and should not be ignored even in the 402 studies where D1 protein synthesis is not inhibited. 403
404
The accuracy and depth of signal detection of each instrument 405
The depth of tissue contributing to the signal detected by the micro-fiber PAM can 407 be estimated by comparing the data of the tapered fiber measurements between the directionslittle difference between the data in the measurements taken from the adaxial and abaxial side 410 of the leaves (Figs. 3 and 5) . Therefore, we can estimate the depth of tissue contributing to the 411 detected signal as at most around 75 µm, the sum of epidermal thickness and the resolution of 412 the measurement (25 µm). In the case of spinach, the epidermis was thinner (less than 25 µm) 413 and still there was little difference between the data of the measurements taken from the 414 adaxial and abaxial side of the leaves (Figs. 4 and 6 ). Therefore the depth of signal detection 415 was probably shallower than 50 µm. Using the standard blue LED measuring light for the 416 micro-fiber PAM system (peak emission 470 nm with a short-pass filter: λ < 600 nm) and a 417 long-pass filter for the detector (λ > 640 nm) should make the depth of signal detection 418 shallower, because the fluorescence signal between 640 and 700 nm from further afield 419
should be more easily re-absorbed by chlorophylls. 420
(ii) Instrument for monitoring PSII activity from P700 redox kinetics 421
The PSII activity measured by P700 redox kinetics should indicate the whole tissue 422 activity, because this measurement uses the change of absorption of 820/870 nm wavelength 423 radiation, which is hardly absorbed by neutral chlorophyll molecules or other leaf pigments. 424
Therefore this measuring light penetrates the deep tissue and is scattered by the complex 425 intra-leaf structure and its path-length should be substantially increased, enabling the 820/870 426 nm light to visit practically all the P700 in the tissue. In fact, internal multiple scattering in 427 leaf tissue could increase the effective extinction coefficient of P700 + at 820 nm by an order 428 of magnitude (Sacksteder & Kramer, 2000) , though a lower increase was reported by Oja et al. 429 (2004) . Also in support of the P700 redox kinetics being a valid whole tissue measurement is 430 our observation that measurements from the adaxial and the abaxial side of leaves showed 431 almost the same value (Figs. 3g and 5g) . The arithmetic mean of the % whole-tissue PSII 432
activities measured with the tapered fiber was always slightly higher than the % PSII activity 433 measured by P700 redox kinetics (Table 2 ). This is because the population of PSII is denser in 434 palisade tissue than in spongy tissue, as indicated by vertical distribution of CO 2 fixation 435 capacity and that of chlorophyll content per unit thickness (Nishio et al., 1993; Vogelmann & 436 kinetics. The gradient of PSII profile of the leaves used in the present study might be steeper 440 than the profile used in the calculation (Fig. S2) . and red (Fig. 1d) , at the chloroplast level blue is better absorbed than red (Fig. 1a,c) . intensity spectra of photoinhibition light sources; (f), light intensity spectra of growth lightsources. In (c), the peak near 660 nm should be shifted to near 680 nm in vivo (Govindjee, 757 2004) . In (e), the photon flux density of blue (400-500 nm), green (500-600 nm) and red 758 (600-700 nm) wavelengths was 29%, 53% and 18% for white light (black-line), 34%, 46% 759 and 20% for white LED light (broken-line), 82%, 6% and 11% for blue-light (blue line), 1%, 760 97% and 2% for green light (green line), and 0%, 3% and 97% for red light (red line). The 761 total photon flux density was 1000 µmol m Table 2) . 859
Because the thickness of leaves measured by Nishio et al. (1993) was closer to our materials, 860 we used the broken-line for the calculation in Table 2 . 
